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Abstract: This investigation provides a thorough assessment of the physical and gas-sensing characteristics of MgO thin 

coatings that were produced through chemical spray pyrolysis (CSP). XRD analysis confirmed the formation 

of a face-centred cubic (FCC) structure. The grain size increased from 11.82 nm to 13.43 nm with rising 

annealing temperature, while dislocation density decreased from 86.52 to 72.61 x 10¹⁴ lines/m², indicating 

improved crystallinity. Morphological analysis using AFM and SEM revealed a temperature-induced 

evolution from flat islands to well-defined spherical nano-grains. Surface roughness (Rₐ) decreased from 

10.19 nm to 4.82 nm, and particle size was reduced from 93.2 nm to 46.5 nm. Optically, the films exhibited 

high transparency, with a visible transmittance of 95.9% at 400°C, which decreased slightly with increasing 

temperature due to increased light scattering. The optical bandgap decreased from 3.86 eV to 3.75 eV. The 

extinction coefficient at 400 nm declined from 0.70 to 0.61. Gas sensing results showed that the film annealed 

at 500°C exhibited the highest NO₂ response (26.5% at 150 ppm). However, sensitivity decreased at higher 

temperatures due to reduced surface defects and active adsorption sites. 

1 INTRODUCTION 

MgO crystallizes in a face-centered cubic (FCC) 

structure [1]. Due to its strong ionic bonds and 

significant electrostatic interactions between ions, 

MgO is classified as an ionic crystal [2], [3]. It 

possesses several properties, including high electrical 

resistance, chemical inertness, low thermal 

conductivity, high optical transparency, and 

mechanical durability [4]-[7]. Magnesium Oxide 

(MgO) is a versatile ceramic material renowned for 

its non-toxic nature, exceptional chemical stability, 

and robust physical properties. Its face-centered cubic 

(FCC) crystal structure, composed of Mg²⁺ (group 

IIA) and O²⁻ (group VIA) ions, contributes to its high 

thermal and mechanical stability. MgO exhibits 

outstanding antibacterial, antimicrobial, and 

photocatalytic properties, making it valuable for 

biomedical and environmental applications [1], [3], 

[5], [8]-[10]. The synthesis of MgO thin films has 

been accomplished through multiple deposition 

approaches, such as:sol-gel methods [4], [11]-[13], 

reactive sputtering [14], laser ablation [15], 

CVD [16], PLD [17] and (CSP) [18]. This research 

presents a comprehensive investigation of MgO thin 

films deposited by CSP, analyzing their structural, 

morphological, optical properties and NO₂ gas 

sensing capabilities. The spray pyrolysis method was 

selected for its ability to produce high-quality films 

with precise control over critical 

parameters, including thickness, density, and film 

uniformity [19]. 

2 EXPERIMENTAL 

MgO thin films were fabricated via spray pyrolysis 

deposition. The initial solution was generated by 

dissolving magnesium trichloride (MgCl₃) in distilled 

water reaching a concentration of 0.05 M. Base 

substrates were coated with films. over 9 minutes. To 

enhance film quality, multilayer samples underwent a 

two-stage annealing process: initial pre-annealing at 

400°C followed by post-annealing at either 450°C or 
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500°C for one hour. Film thickness, determined 

through gravimetric analysis, averaged 340 ± 25 nm. 

The structural features were assessed through XRD. 

Optical properties were evaluated using a JASCO 

UV/VIS/NIR V570 spectrophotometer. For gas 

sensing evaluation, resistance changes upon NO₂ 

exposure were measured in a custom-built cylindrical 

test chamber (16 cm in height and 8 cm in radius).  

3 RESULTS AND DISCUSSIONS 

The structural characteristics of the synthesized MgO 

thin films are presented in Figure 1 through their X-

ray diffraction (XRD) patterns. These patterns display 

three distinct diffraction peaks located at 37.65°, 

42.71°, and 62.71°, which correspond to the (111), 

(200), and (220) crystallographic planes, respectively 

[20]. The obtained diffraction data are in strong 

agreement with the standard JCPDS card No. 01-075-

0477, confirming the successful formation of a 

polycrystalline MgO phase with a face-centered cubic 

(FCC) crystal structure. The sharp and well-defined 

nature of the peaks indicates high crystallinity and 

excellent phase purity of the deposited films. Notably, 

the (111) reflection exhibits the highest intensity, 

implying a preferred growth orientation along this 

plane, which is consistent with earlier reported 

studies on MgO thin films [21], [22]. This preferential 

orientation is significant, as it strongly influences the 

surface characteristics and functional performance of 

the material. 

The crystallite size (D) was estimated using 

Scherrer’s equation [23], [24], where K = 0.89, λ is 

the X-ray wavelength, β is the full width at half 

maximum, and θ is the Bragg angle. The results show 

that D increases from 11.82 nm to 13.43 nm with 

increasing annealing temperature, as summarized in 

the corresponding table. This trend confirms that 

thermal treatment promotes grain growth through 

enhanced atomic diffusion and crystallite 

coalescence, leading to reduced grain boundary 

density and improved structural ordering, in 

agreement with earlier reports [14], [17]. 

The dislocation density (δ) was calculated using 

the standard relation [25], [26], where δ is inversely 

proportional to the square of crystallite size. The 

obtained values for the annealed films (400–500 °C) 

are 86.52, 72.61, and 72.61 × 10¹⁴ lines/m², 

respectively [10], [27]. The observed reduction in 

dislocation density with increasing annealing 

temperature indicates a decrease in crystal defects. 

This improvement is attributed to thermally activated 

atomic rearrangement, which facilitates the formation 

of a more ordered and stable lattice structure. The 

nearly identical values at 450 °C and 500 °C suggest 

that defect reduction approaches a saturation limit at 

higher temperatures, where further thermal treatment 

produces minimal additional improvement [28]. 

The lattice strain (ε) was determined using the 

corresponding relation [29], [30]. The calculated 

values are 34.72, 29.85, and 28.13 × 10⁻⁴ for films 

annealed at 400 °C, 450 °C, and 500 °C, respectively 

[11], [24]. The gradual decrease in strain with 

increasing annealing temperature reflects a 

progressive relaxation of internal stresses and 

improved lattice stability. This behavior is consistent 

with the reduction in dislocation density and confirms 

enhanced crystalline quality with thermal treatment. 

A comprehensive summary of structural parameters, 

including FWHM, D, δ, and ε, as a function of 

annealing temperature is provided in Table 1 and 

Figure 2. 

Figure 3 presents AFM images of MgO thin films 

annealed at 400–500 °C, scanned over an area of 10 

× 10 µm. The micrographs (a1–a3) show uniformly 

distributed grains with a nearly spherical morphology 

across all samples, indicating a homogeneous surface 

structure. With increasing annealing temperature, a 

noticeable evolution in grain size and surface texture 

is observed, reflecting enhanced grain growth and 

surface reorganization. As shown in Table 2, the 

average particle size increases from 46.5 nm to 93.2 

nm, confirming significant grain coalescence at 

higher temperatures. In addition, the average 

roughness (Ra) varies from 4.82 nm to 10.19 nm, 

while the root mean square roughness (RMS) ranges 

from 3.32 nm to 8.71 nm. These changes indicate a 

temperature-dependent modification of surface 

morphology, where increased atomic mobility at 

higher annealing temperatures promotes grain growth 

and surface restructuring [31], [32]. 

Table 1: D, Eg and SP of the intended films. 

Sample (oC) 2  (o) (hkl) Plane FWHM (o) Eg  (eV) D (nm) δ (× 1014) (lines/m2) ε (× 10-4) 

400 37.65 111 0.83 3.86 11.82 86.52 34.72 

450 37.61 111 0.79 3.82 12.43 77.34 29.85 

500 37.55 111 0.75 3.75 13.71 72.61 28.13 
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Figure 1: XRD styles of the intended films. 

Figure 2: SP of the intended films. 

As illustrated in Figure 4, the annealing 

temperature (AT) significantly influences the optical 

transmittance (T) of the MgO thin films [4]. All 

samples demonstrate high transparency within the 

visible range; however, the maximum transmittance 

decreases from 95.9% for the film annealed at 400 °C 

to 89.3% for the sample annealed at 500 °C. A 

consistent decreasing trend in transmittance is 

observed with increasing annealing temperature 

across all films. This behavior is mainly attributed to 

enhanced surface roughness and increased light 

scattering, which arise from the development of 

columnar grains with needle-like and rod-like 

morphologies at higher temperatures [33]. As the 

surface becomes rougher, the scattering of incident 

light increases, leading to a reduction in overall 

transparency [34], [35]. 

The relationship between absorbance (A) and 

transmittance (T) is defined by the standard optical 

expression [36], [37], where absorbance is directly 

related to the logarithmic inverse of transmittance. 

The corresponding form of this relation is given in 

Equation (4), where 𝐼0and 𝐼represent the incident and

transmitted light intensities, respectively. As shown 

in Figure 5, absorbance increases with increasing 

annealing temperature. This enhancement is 

primarily associated with the growth in particle size 

and improved crystallinity of the films. The sample 

annealed at 500 °C exhibits the highest absorbance 

among all films [38], [39]. In addition, a slight red 

shift in the absorption edge is observed with 

increasing annealing temperature, which is 

commonly linked to crystallite enlargement and 

corresponding modifications in the electronic band 

structure, leading to a reduction in the optical 

bandgap [40], [41]. 

The absorption coefficient (α) was determined 

using the standard relation [42], [43], where film 

thickness is taken into account. The calculated values, 

shown in Figure 6, indicate that α increases 

significantly in the ultraviolet region and gradually 

decreases toward higher wavelengths. Furthermore, 

the absorption coefficient increases with annealing 

temperature, reaching values above 10⁴ cm⁻¹ [44], 

[45]. This enhancement in α suggests improved light–

matter interaction due to microstructural evolution 

such as increased crystallinity and grain growth. The 

high absorption in the UV region confirms that MgO 

thin films are effective UV-absorbing materials, 

making them suitable for applications such as UV 

filtering and photodetection [46], [47]. 

Table 2: AFM parameters of deposit films. 

Sample (oC) Pav (nm) Ra (nm) RMS (m) 

400 93.2 10.19 8.71 

450 73.0 9.15 4.25 

500 46.5 4.82 3.32 
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Figure 3: AFM images of MgO thin films annealed at different temperatures.

Figure 4: T of the intended films. 

The optical band gap (Eg) of the MgO thin films 

was determined using Tauc’s relation for direct 

allowed transitions [48], [49]. This approach relates 

the absorption coefficient and photon energy through 

a power-law dependence involving the band gap 

energy. The corresponding results are presented in 

Figure 7, which shows a gradual decrease in Eg with 

increasing annealing temperature. The extracted 

values are 3.86 eV, 3.82 eV, and 3.75 eV for films 

annealed at 400 °C, 450 °C, and 500 °C, respectively, 

consistent with previously reported values for MgO 

thin films prepared by different deposition techniques 

[50], [51]. The reduction in band gap with higher 

annealing temperature can be associated with 

improved crystallinity, increased grain size, and a 

reduction in defect states within the film. As the 

crystallite size increases, quantum confinement 

effects become weaker, resulting in a slight 

narrowing of the optical band gap. This behavior 

indicates that thermal treatment enhances structural 

ordering, which directly influences the optical 

properties of the films. 

The extinction coefficient (k) was calculated 

using the standard optical relation [52], [13], which 

links it to the absorption coefficient and wavelength. 

The spectral dependence of k is shown in Figure 8, 

where a similar trend is observed between k and 

wavelength across all samples. The results also 

highlight the influence of annealing temperature on 

the extinction coefficient in the visible region [53], 

[54]. At a wavelength of 400 nm, k decreases from 

0.70 for the film annealed at 400 °C to 0.64 at 450 °C 
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and 0.61 at 500 °C. This clear decreasing trend 

indicates that higher annealing temperatures lead to 

reduced optical losses, making the films more 

transparent. The reduction in k is mainly attributed to 

improved crystallinity and a lower concentration of 

structural defects, which collectively reduce light 

absorption and scattering. As a result, thermal 

annealing enhances the optical quality of the films, 

lowering the extinction coefficient and improving 

their suitability for optoelectronic applications [55], 

[56], [57], [58]. 

Figure 5: Absorbance of the intended films. 

Figure 6: α of deposit films. 

The refractive index (n) was evaluated using the 

standard optical relation [57], [58], which 

incorporates both reflectance and extinction 

coefficient. The corresponding expression accounts 

for the combined influence of surface reflection and 

absorption losses on the optical response of the 

material. The variation of n with annealing 

temperature is presented in Figure 9. At a wavelength 

of 450 nm, the refractive index values are found to be 

3.38, 3.30, and 3.21 for films annealed at 400 °C, 450 

°C, and 500 °C, respectively [59], [60]. A clear 

decreasing trend is observed with increasing 

annealing temperature, which can be explained by 

microstructural evolution induced by thermal 

treatment. Grain growth, reduced defect 

concentration, and changes in packing density lead to 

a less optically dense material, thereby lowering the 

refractive index [61], [62]. 

Figure 7: (αhν)2 of the intended films. 

Figure 8: k of the deposit films. 

Figure 9: n of the deposit films. 
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The gas sensing response (sensitivity) was 

calculated using the standard expression [63], [64], 

which describes the relative change in electrical 

resistance upon exposure to the target gas. In this 

relation, 𝑅𝑎represents the resistance in the presence

of NO₂, while 𝑅𝑔denotes the baseline resistance in air.

The time-dependent resistance behavior of MgO thin 

films annealed at 400 °C, 450 °C, and 500 °C under 

NO₂ exposure at 100 °C is shown in Figure 10 [63], 

[64]. When exposed to NO₂, oxidation processes 

occur on the film surface, where adsorbed oxygen 

species release electrons back into the conduction 

band, resulting in an increase in resistance due to the 

formation of higher potential barriers at grain 

boundaries [65], [66]. Among all samples, the film 

annealed at 500 °C exhibits the strongest resistance 

response, indicating improved sensing behavior. This 

enhanced response is associated with increased 

surface activity and modified grain boundary 

characteristics, which facilitate stronger interaction 

with gas molecules. 

Figure 10: The sensitivity (S) of MgO thin films versus 

operating time for samples annealed at 400, 450, and 

500°C. 

Figure 11 presents the sensitivity of MgO thin 

films toward NO₂ gas as a function of annealing 

temperature in the range of 400–500 °C. The results 

show a gradual decrease in sensitivity with increasing 

annealing temperature, which is mainly attributed to 

enhanced charge carrier recombination and reduced 

density of surface defects. Quantitatively, the 

sensitivity decreases from 24.1% to 10.6% at 50 ppm, 

from 25.3% to 11.4% at 100 ppm, and from 26.5% to 

12.6% at 150 ppm. This reduction indicates that 

higher annealing temperatures promote grain growth 

and decrease the number of active adsorption sites, 

thereby limiting gas–surface interactions. As a result, 

although annealing improves crystallinity and 

structural stability, it simultaneously reduces the 

overall gas sensing sensitivity due to diminished 

surface reactivity [67]. 

Figure 11: Sensitivity of MgO annealed at (400, 450 and 

500) °C.

4 CONCLUSIONS 

This study thoroughly examined the impact of 

annealing temperature of nanostructured MgO thin 

films deposit by CSP. XRD analysis is verified via the 

formation of a face-centered cubic (FCC) structure. 

As the AT increased from 400°C to 500°C, grain size 

grew from 11.82 nm to 13.43 nm. Dislocation density 

and microstrain decreased with higher AT. 

Morphological studies using AFM Surface roughness 

(Rₐ) dropped from 10.19 nm to 4.82 nm, and average 

particle size decreased from 93.2 nm to 46.5 nm. 

Optically, the films demonstrated high transparency 

in the visible range, with transmittance declining 

slightly from 95.9% at 400°C to 89.3% at 500°C due 

to increased light scattering. The optical bandgap 

narrowed from 3.86 eV to 3.75 eV. Both extinction 

coefficient and refractive index decreased with higher 

annealing temperatures. Regarding gas sensing, the 

MgO film annealed at 500°C exhibited the highest 

sensitivity (26.5% at 150 ppm NO₂), attributed to 

enhanced surface reactivity and potential barriers at 

grain boundaries. However, sensitivity declined at 

higher annealing due to fewer surface defects and 

active adsorption sites. 
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